Carbohydrates are characterized by a truly remarkable level of structural diversity which stands in accord with a corresponding functional diversity arguably unsurpassed by any other class of biomolecule. As metabolites, structural components, mediators of molecular interaction, and modifiers of other biomolecules, carbohydrates play central roles in numerous areas of biochemistry. Detailed molecular characterization of these classes of compounds poses a number of significant analytical challenges, a number of which arise from carbohydrate isomerism combined with the ability of monosaccharides to serve as the basis for branched oligosaccharide structures. Ion mobility spectrometry (IMS) represents a particularly appealing analytical methodology for addressing such hurdles. Because IMS provides for separation of gasphase ions according to their "shape to charge ratios," this approach is well-suited to provide for the recognition, distinction, and resolution of isomeric carbohydrates and glycoconjugates. IMS is also readily coupled to well-established mass spectrometry ionization methods and analyzers, which provide complementary information on mass to charge ratios and allow tandem mass spectrometry dissociation experiments which can supply further structural information. Here, we offer a brief introduction to carbohydrate structure and diversity (including monosaccharides, oligosaccharides, and glycoconjugates thereof), followed by an overview of relevant IMS techniques (drift tube ion mobility spectrometry; high-field asymmetric waveform ion mobility spectrometry; and traveling wave ion mobility spectrometry). We then provide an overview of the literature on IMS as applied to the study of free carbohydrates (including isomer separation and general structural characterization) and glycoconjugates (including released glycans and intact glycoconjugates).
Oligosaccharides. The structural diversity of monosaccharides naturally extends to their corresponding polymers. A glycosidic linkage is formed when one monosaccharide bonds to another via the anomeric hydroxyl group. The glycosidic linkages formed between monosaccharides to yield oligosaccharides introduce further variety to glycan structures in multiple ways. Firstly, the glycosidic linkage can involve one of two possible configurations at the anomeric carbon of the first monosaccharide (α and β). Secondly, regioisomers become possible due to the hydroxyl groups of the second monosaccharide. Finally, more than two glycosidic linages may occur on a given monosaccharide, thus generating branched structures. The common occurrence of branching connectivities in oligosaccharides (as opposed to the linear sequences characteristic of other biopolymers) further contributes to the overall structural diversity of oligosaccharides. Indeed, the isomeric structures made possible by the considerations discussed above may have very different three dimensional structures and thus be biologically recognized as distinct. Moreover, modified glycans can contain a variety of different substituents, such as acetylation and sulfation.
Glycoconjugates. Another layer of structural complexity is introduced when glycans are conjugated to noncarbohydrate groups (i.e. aglycones). Common aglycone moieties include amino acid chains and lipids. These glycoconjugates include glycoproteins, glycopeptides, glycolipids, lipopolysaccharides, proteoglycans, and peptidoglycans. The aglycones of these various glycoconjugates compound the structural complexities of the carbohydrates themselves. For example, glycosylation of proteins introduces the issue of oligosaccharide site heterogeneity (i.e. microheterogeneity) and the possibility of multiple glycosylation sites on the protein. Structure elucidation of glycoconjugates may be accomplished by either analyzing the intact molecule, or through chemical or enzymatic release of the glycans followed by separate study of the glycans and aglycones. Given the numerous tiers of intricacy inherent to oligosaccharide and glycoconjugate structure, the need for multiple complementary analytical capabilities for structure determination becomes quite clear. In this respect, ion mobility spectrometry (IMS) coupled to mass spectrometry (MS) offers capabilities which are particularly appealing for carbohydrate and glycoconjugate analysis.
ION MOBILITY INSTRUMENTS AND METHODS

Overview.
Given the many layers of structural complexity discussed above, it becomes clear that the complete molecular characterization of carbohydrates (including small saccharides and oligosaccharides) and their corresponding glycoconjugates presents numerous analytical obstacles, particularly when considering the compositional and isomeric heterogeneity characteristic of natural mixtures. Addressing these types of questions in full molecular detail typically demands the application of multiple analytical approaches. Some of the most powerful methods for carbohydrate structural analysis include various classes of chromatographic separation, nuclear magnetic resonance spectroscopy, and MS. IMS provides an additional separation approach that is highly complementary to these other common carbohydrate analysis methods. IMS is particularly attractive in the context of carbohydrate and glycoconjugate analysis, as these measurements have a dependence upon the overall size and shape of an analyte, among other parameters. This presents significant opportunities for the detection, distinction, and resolution of isomeric carbohydrates or other carbohydrate-containing species. IMS offers some other compelling benefits, including rapid separation times (separations on the order of tens of milliseconds), which do not preclude coupling IMS to the output of liquid chromatography (separations on the order of hundreds of seconds). Because IMS measurements are conducted on gas-phase analyte ions, the technique is readily coupled to a variety of mass spectrometry instrumentation. It is also possible for IMS to serve as an intermediate dimension of analysis linking chromatography to MS. Below, the basic principles of IMS will be briefly reviewed; other readings on IMS which provide greater depth in the subject matter are available [16] [17] [18] [19] [20] . Three distinct types of ion mobility experiments which have been applied to the study of carbohydrates and glycoconjugates include drift tube ion mobility spectrometry (DTIMS), high field asymmetric waveform ion mobility spectrometry (FAIMS), and traveling wave ion mobility spectrometry (TWIMS). These approaches are each briefly described below, and their modes of operation are diagrammed and summarized in (Fig. 1) . While these IMS methods differ in implementation and in their individual strengths and limitations, they are all used to separate ions on the basis of their size-to-charge ratios as they travel through a drift gas under the influence of an electric field.
Drift tube ion mobility spectrometry. The classical method of ion mobility analysis is drift tube ion mobility spectrometry. In DTIMS, ion packets are pulsed into a drift tube which contains a drift gas (most commonly helium). A low, static electric field is applied across the drift tube (typically on the order of 10 -100 V · cm -1 ). The ions traverse the drift tube from the source to the detector at a constant velocity, where ions exit the mobility cell in order of decreasing mobility. In the limit of a static and relatively low electric field, the mobility (K) of an analyte ion is described by the Mason-Schamp equation:
where z is the integer charge state, e is the fundamental charge, N is the buffer gas number density, Ω is the orienta Fig. (1) . Basic principles of separation exploited in DTIMS (left column), FAIMS (center column), and TWIMS (right column). In each case, the separation of a high mobility ion (smaller blue circle) and a low mobility ion (larger green circle) is depicted in three panes corresponding to three arbitrary but successive time points, t 1 , t 2 , and t 3 . The electric fields acting upon the ions are diagrammed using red dashed lines. Although not pictured, a neutral drift gas is present in all three devices. In DTIMS, ions are conducted through the drift region under the influence of a static electric field applied across the drift tube. Ions exit the device in order of decreasing mobility. In FAIMS, ions travel between parallel flat or cylindrical electrodes while being subjected to an asymmetric waveform applied to one of the electrodes. Ions of appropriate mobility are able to traverse the device. In TWIMS, a DC traveling wave is translated through the elements of a stacked ring ion guide. The progress of high mobility ions is less significantly impeded by collisions with the drift gas and "roll over" the traveling wave relatively few times (in an extreme case, a high mobility ion simply "surfs" on the wave front). By contrast, the progress of low mobility ions is more significantly impeded by ion-neutral collisions, resulting in a greater number of "roll over" events and longer drift times.
tionally-averaged ion-neutral collisional cross section (often abbreviated as CCS), k B is the Boltzmann constant, T is the absolute temperature, and µ is the reduced mass of the colliding ion and neutral. The velocity (v) of an ion traversing the drift tube is directly proportional to both K and to the magnitude of the electric field (E): (2) Thus, the time (t) required for an ion to traverse a fixed distance (d) through the drift region of a DTIMS instrument is significantly (though not exclusively) dictated by the analyte ion charge and the ion-neutral CCS. Aside from offering a means of ion separation, drift times measured in this manner can be used to calculate CCS values according to Equations 1-2.
High field asymmetric waveform ion mobility spectrometry. High field asymmetric waveform ion mobility spectrometry is an implementation of IMS that, unlike DTIMS, is performed under high electric field conditions [21] [22] [23] . In FAIMS, ions are introduced between parallel flat or cylindrical electrodes in the presence of a drift gas. Also in contrast to DTIMS, in FAIMS the electric field is not static. Rather, the electric field is applied in a time dependent manner as an asymmetric waveform in which the potential difference between the two electrodes varies from a high value for a short time, followed by a lower value of opposite polarity for a longer time. Overall, the asymmetric waveform alternately places a positive potential difference U + and a negative potential difference Uacross the electrodes for times t + and t -, respectively, such that over the course of one full cycle of the waveform time-weighted potential difference sums to zero according to Equation 3.
(3)
In addition, FAIMS is usually performed with this fixed asymmetric waveform (often called the dispersion voltage) together with a variable compensating voltage (CV) which when coupled selectively allow ions of a desired mobility to traverse the device. While CCS values cannot be directly determined by FAIMS, the behavior of ions can be approximated using a modified version of the Mason-Schamp equation [20] .
Traveling wave ion mobility spectrometry. Traveling wave ion mobility spectrometry is the most recently established ion mobility method. In TWIMS, stacked ring ion guide containing nitrogen gas serves as the drift cell [24] [25] [26] . In addition to radially confining radiofrequency potential (applied with opposite phase to each consecutive ring element), a series of traveling DC waves translate axially along the drift cell. Low mobility ions roll over the traveling DC wave fronts more frequently than high mobility ions, and thus separation is accomplished according to drift time. To date, essentially all CCS values acquired using TWIMS measurements have been obtained by calibrating the TWIMS drift times to CCSs using reference compounds with known CCS values as determined by DTIMS [27] [28] [29] . In appropriately controlled experiments and subject to certain assumptions, this approach furnishes TWIMS CCSs in reasonable agreement with those measured by DTIMS. We also note that Giles et al. have proposed an alternative methods which allows the direct calculation of CCSs from TWIMS drift times [30] . Although this approach has not yet been broadly applied, such capability would be a significant advantage for TWIMS users.
ANALYSIS OF FREE CARBOHYDRATES
Isomer separation. Simple oligosaccharide isomers have been successfully resolved by the various modes of IMS outlined above. One of the first examples of this was the separation of three sodiated isobaric trisaccharides by Clowers et al. [31] . In this experiment, an equimolar mixture of melezitose, raffinose, and isomaltotriose were separated as their sodium ion adducts using an atmospheric pressure DTIMS instrument, which was coupled to a time-of-flight (TOF) MS instrument. In (Fig. 2) , the IMS arrival time distributions (ATDs) and TOF mass spectra are shown for each carbohydrate analyzed individually and as a mixture of the three. Although identical in their mass spectra, the drift times of melezitose, isomaltotriose, and raffinose were 24.13 ms, 25.15 ms, and 25.60 ms, respectively. Furthermore, the IMS separation of the mixture was sufficient to baseline resolve the three trisaccharide isomers. Other examples of development and application of IMS methods for separation of isomeric carbohydrates has been pursued using a variety of IMS instruments. For instance, Li et al. resolved monosaccharide methyl glycoside isomers using DTIMS and TWIMS (both coupled to TOF-MS) [32] ; Lee et al. analyzed a mixture of seven disaccharides via DTIMS coupled to an ion trap (IT) MS instrument [33] ; Liu and Clemmer studied several oligosaccharides and their fragments by DTIMS [34] ; and Gabryelski and Froese applied FAIMS to the distinction of several disaccharide isomers [35] . In concert, these reports serve to illustrate the capabilities of IMS-MS based approaches for the separation and characterization of simple saccharides.
In separation of carbohydrate isomers by IMS, it is important to consider not only the structure of the analytes, but the conformational influence exerted by the charge carrier [36, 37] . When analyzed by IMS and MS, carbohydrates are most frequently encountered as their sodium ion adducts; however, carbohydrates are able to bind a variety of other metal ion charge carriers. A few research groups have thus performed IMS studies of various carbohydrate metal ion adducts in order to probe the effects of the charge carrier on the gas-phase conformations. The impacts on the ability to resolve or distinguish isomeric saccharides by IMS measurements is of particular interest in this regard. Dwivedi et al. studied the effect of various cations on separation factors between α-and β-methylglycosides [38] . They found that the identity of the bound cation had a substantial effect upon the separation of anomeric pairs, and proposed that the observed differences in mobility arose from differences in the manner the charge carrier was coordinated by each carbohydrate. ) of four families of carbohydrate isomers (five disaccharides, four trisaccharides, two pentasaccharides, and two hexasaccharides) [39] . The results of those studies illustrated that the CCSs of the carbohydrate metal ion adducts responded to the metal ion radii in isomerspecific manners. As depicted in (Fig. 3) , the drift times of the trisaccharide isomers maltotriose and isomaltotriose as their [M+Li] + adducts were distinguishable, while the drift times of their [M+Na] + adducts were practically identical. Further, cationization as the [M+Cs] + adducts reversed the order of arrival times relative to the [M+Li] + adducts. This comparison underscored how the drift times of carbohydrate isomers scale as a function of cation size in very unique ways. This was further illustrated by plotting the carbohydrate metal complex CCS values (determined by calibrating the TWIMS drift times to CCS using standards of known CCS determined by DTIMS) as a function of the cross sectional size of the metal ion (based on the effective ionic radius). Clearly, the structures of individual isomers cause their CCSs to scale uniquely with the size of the bound cation. This serves to suggest that improved separation of isomeric carbohydrate pairs can be achieved by appropriate selection of the charge carrier. Also notable was the appearance of two major features in the ATD of [maltotriose + Cs]
If analyzing an unknown, the two ATD peaks might be construed as arising from two carbohydrate isomers; however, since the sample under analysis was a pure standard, both ATD features were attributed to the same carbohydrate. Under certain circumstances, it is evidently possible for multiple cation-bound conformations to coexist, thus leading to multiple drift times for a single analyte. These findings clearly advocate the cautious interpretation of IMS ATDs when working with unknowns. To guard against false positive indications of multiple isomers, it was suggested that more than one charge carrier should be considered. Furthermore, it was suggested that comparison of CCS values for calculated theoretical structures should be compared to experimental data, where practical. Despite these caveats, there exists sound evidence that the charge carrier is able to play a role in probing the structures of isomeric saccharides by IMS.
Aside from the influence of metal ion charge carriers, other strategies have been implemented to maximize the performance of IMS for carbohydrate isomer resolution. For instance, Bohrer and Clemmer explored the use noncovalent tripeptide : disaccharide complexes to enhance the IMS separation of isomeric disaccharides [40] . Among the 27 tripeptide reagents investigated, trihistidine appeared to be an especially promising reagent owing to both separation characteristics and affinity for the target disaccharides. The   Fig. (2) . Atmospheric pressure DTIMS separation and TOF-MS analysis of isomaltotriose, raffinose, and melezitose as sodium ion adducts. The IMS ATDs and mass spectra are shown for each individual carbohydrate analyzed individually, as well as an equimolar mixture of the three components. Reproduced with permission from Clowers et al. [31] , copyright 2005 American Society for Mass Spectrometry. Fig. (3) . Structures of four trisaccharide isomers; TWIMS ATDs for maltotriose and isomaltotriose as their lithium ion, sodium ion, and cesium ion adducts; and CCSs of each group I adduct of each isomeric trisaccharide plotted as function of πr 2 , where r is the effective ionic radius of the bound metal (increasing from left to right in the order lithium, sodium, potassium, rubidium, cesium). Reproduced with permission from Huang and Dodds [39] , copyright 2013 American Chemical Society. different properties of various drift gases have also been leveraged for improved IMS analysis [41] [42] [43] [44] . Both the drift gas size and polarizability have a significant impact on the overall drift times and separation factors of molecules. The relative effectiveness of He, Ar, N 2 , and CO 2 in separating α-and β-methylglycosides as sodium ion adducts was studied by Hill and coworkers [38] . Significantly different separation factors were obtained for pairs of anomers depending on the drift gas. In one particularly striking example, α-and β-methyl-mannopyranoside could not be resolved when N 2 served as the drift gas; however, baseline resolution was achieved when the same pair of anomers was subjected to IMS in CO 2 drift gas. This work demonstrates that the selection of the IMS drift gas provides an additional useful parameter for optimization of carbohydrate isomer separations.
Structural characterization. In addition to carbohydrate isomer separation, IMS-MS has developed into a uniquely capable platform for structural characterization through the measurement of carbohydrate ion CCSs which can provide conformational insights (particularly when compared with calculated theoretical structures) and through addition of tandem mass spectrometry (MS/MS or MS n ) which can provide structurally informative fragment ions for mobilityselected analytes.
As briefly mentioned in the preceding text, carbohydrate CCSs have been measured by IMS for the purposes of structural characterization and investigation of gas-phase conformation. For instance, Fenn and McLean have compiled a database of CCSs for over 300 carbohydrates [45] . Those authors noted some useful general trends which relate structural characteristics to trends in CCS. For example, 1-3 branching was found to be correlated with more compact structures as compared to 1-4 branching. Another interesting example of carbohydrate CCS measurement was put forward by Leavell et al., who studied three six-carbon monosaccharides (glucose, galactose, mannose) as complexes with diethylenetriamine, Zn 2+ and Cl - [46] . DTIMS was used to measure the CCSs of the [hexose-dien + Zn + Cl] + ions, and these results were compared to density functional theory calculations. This approach allowed candidate structures for the complexes to be deduced. [45] , and Huang and Dodds [39] further corroborates a quite reasonable between-laboratory agreement (to within a few percent) amongst the DTIMS and TWIMS CCSs measured for lacto-N-fucopentaose I (LNFP I), lacto-N-fucopentaose V (LNFP V), lacto-N-difucohexaose I (LNDFH I), and lacto-N-difucohexaose II (LNDFH II) as their sodiated molecular ions ( Table 2 ). The CCSs measured by Williams et al. were also found to be consistent with theoretical cross sections of low energy structures determined using molecular dynamics. Figure 4 shows the resulting typical low-energy structures for sodium ion adducts of these six oligosaccharides, with good agreement between experiment and theory observed in each case. In addition, the theoretical calculations served to illustrate how very similar CCSs may arise from quite different cation binding conformations. For example, the low energy structures of sodiated LNFP I and LNFP V exhibit quite overall different shapes, while their collision cross sections were nearly identical.
Ion mobility coupled with tandem mass spectrometry analysis has also been used to study carbohydrate structures. For instance, Zhu et al. analyzed the isomeric trisaccharides melezitose and raffinose using an ambient pressure DTIMS instrument interfaced to an IT-MS [49] . The IMS separator provided sufficient resolution to enable complete physical separation of the isomers, which were then individually introduced into the IT-MS for further structural interrogation via MS 2 and MS 3 . These findings serve as one illustration as to the value of coupling IMS to MS/MS for analysis of mixtures of isomeric carbohydrates. Along similar lines, Li et al. characterized isomeric carbohydrate structures using a unique tandem ion mobility mass spectrometry instrument in which a custom DTIMS separator was coupled to a commercial TWIMS instrument with a TOF-MS analyzer [50] . In addition to incorporating the two IMS separators, this instrument configuration allowed for MS/MS through collision-induced dissociation (CID) of ions after mobility separation. Among other analytes, these authors studied the isomeric pentasaccharides cellopentaose, maltopentaose, and branched Man 5 . Figure 5 illustrates the partial separation of the isomers by DTIMS, and the subsequently acquired CID spectra obtained for each of the three major ATD features. While the three pentasaccharides yielded many MS/MS fragment ions in common, some key differences in the relative intensities of these fragments were noted. In addition, several unique product ions were observed for branched Man 5 . Despite the incomplete separation of the three analytes, this IMS-MS/MS approach enabled the three different structures to be clearly detected and characterized in terms of not only their relative mobilities, but their dissociation spectra as well. On the whole, these studies further highlight the potential of IMS methods coupled to MS/MS for the analysis of free carbohydrate isomers occurring in mixtures.
ANALYSIS OF GLYCOCONJUGATES
Glycans released from glycoconjugates. In addition to free carbohydrates and oligosaccharides, IMS techniques have found application in several areas of glycoconjugate analysis. By far, the majority of IMS studies of glycoconjugates have been focused on glycans released from glycoconjugates, with many such works being aimed at analysis of Nlinked oligosaccharides released from glycoproteins. For example, Clemmer and coworkers have studied multiple groups of isomeric N-glycan isomers in detail using DTIMS coupled to TOF-MS. In one of these reports, Plasencia et al. examined permethylated hybrid-type N-glycans released from ovalbumin [51] . Three isomers corresponding to the oligosaccharide composition HexNAc 4 Hex 5 were implicated by the IMS data, and their experimental CCSs were compared to those calculated for lowest-energy structures derived from molecular dynamics simulations. This allowed likely structures for each of the three isomers to be assigned. Similarly, Zhu et al. studied the isomeric structures of permethylated high mannose N-glycans released from ribonuclease B [52] . In these experiments, DTIMS was coupled to IT-MS thus enabling MS/MS analysis of mobility-selected ion populations. When applied to analysis of the GlcNAc 2 Man 7 glycan, DTIMS ATDs revealed four distinct features (Fig. 6) . Furthermore, MS/MS spectra acquired for ions sampled from each of the four regions of the ATD yielded fragments consistent with four unique structures. Notably, the ATDs for some of the other released N-glycans in the mixture were much narrower by comparison (e.g., GlcNAc 2 Man 5 and GlcNAc 2 Man 6 ), consistent with previous findings that glycans with those monosaccharide compositions are each found as only a single glycan structure. Clearly, the potential of IMS methods for the resolution and distinction of isomeric oligosaccharides extends to larger structures than those smaller free saccharides discussed in the previous section of this review.
Pagel and Harvey used DTIMS to measure the helium and nitrogen CCSs of numerous native (i.e. non-derivatized) N-linked oligosaccharides released from several glycoproteins [53] . A prime motivation for compiling such measurements is a general lack of known CCSs for larger oligosaccharides -values which would be highly useful in calibrating TWIMS drift times to CCS. This dearth of a broad range of carbohydrate CCS "standards" has been a limitation for those wishing to measure CCS with TWIMS instruments, particularly since it is generally advisable to use calibrants of the same class of compounds as the analytes of interest. While the authors warn that calibrants should be carefully chosen such that they do not contain a mixture of isomers, they also demonstrated that a wide-ranging CCS calibration can be obtained using a relatively few N-oligosaccharides in concert with in-source fragmentation to generate fragment ions (for which the authors also determined CCSs). In addition to these fundamental structural studies, a survey of the Fig. (6) . Heat map of mass to charge ratio vs. drift time for the permethylated N-glycans released from ribonuclease B. The ATD (ion intensity vs. drift time) for GlcNAc 2 Man 7 , abbreviated "Man7" in the figure, is shown in the inset. The ATD for the Man7 glycan exhibits multiple features, which were subsequently found to correspond to distinct isomers. Reproduced with permission from Zhu et al. [52] , copyright 2012 American Society for Mass Spectrometry.
literature reveals a number of applications of IMS to analysis of N-glycosylation. For instance, IMS methods have been used to characterize the glycosylation of various antibodies [54, 55] , glycosylation of HIV gp120 [56, 57] , and altered glycosylation as a result of liver cancer and cirrhosis [58] .
In a departure from the comparatively large number of IMS studies on released N-glycans, Hill and coworkers applied DTIMS to a mixture of isomeric O-linked oligosaccharide alditols released from bovine submaxillary mucin [59] . The resulting mixture of O-glycans, ranging from disaccharide-alditols to hexasaccharide-alditols, was fractionated by high-performance liquid chromatography (HPLC), and the fractions were subsequently subjected to DTIMS analysis coupled with IT-MS. The ATDs allowed evaluation of the isomeric heterogeneity for each glycan composition, while in some cases MS n of mobility-selected precursor ion populations further revealed unique sets of product ions attributable to different isomeric precursors within the same m/z pool.
Intact glycoconjugates.
Various types of glycoconjugates have also been studied directly (i.e. without glycan release) by IMS; however, at this writing the number of such reports is quite small compared to the body of literature on IMS of free carbohydrates and released glycans. For example, glycopeptides derived from enzymatic digestion of glycoproteins have only quite recently become the object of IMS studies. While the analysis of glycans released from glycoproteins can be informative, maintaining covalent attachment between the glycan and the peptide facilitates the association of specific glycan compositions and structures with their corresponding attachment site on the protein. One example of such an analysis is provided in a report by Creese and Cooper [60] , in which FAIMS was used to partially resolve two isomeric glycopeptides which only differed in the position of their O-GlcNAc modifications. As depicted in (Fig. 7) , the two partially resolved peaks were indicated by when separation was performed by FAIMS with subsequent application of electron transfer dissociation (ETD). The differing glycan attachment sites of the isomeric glycopeptides were established based on the ETD product ions. Importantly, this work illustrates that differences in the attachment site of even a single monosaccharide can bring about sufficient conformational change in a glycopeptide to exhibit useful differences in mobility. Another example of intact glycopeptide analysis by IMS was put forward by Li et al. demonstrating the application of TWIMS to an unfractionated tryptic digest of human α-1-acid glycoprotein [61] . The different charge states of glycosylated and non-glycosylated peptides present in the mixture were found to fall into distinct regions of mass to charge ratio vs. drift time space (Fig.  8) . This study demonstrated that the glycosylated components of a crude protein digest can be roughly separated from non-glycosylated peptides based only on a TWIMS separa- Fig. (7) . FAIMS separation with subsequent ETD of two isomeric O-GlcNAc modified peptides with the same amino acid sequence but different glycosylation sites. In (a), the FAIMS separation of peptides A and B is illustrated on the basis of unique ETD fragments. The ETD spectra obtained at CVs of -27.6 V (b) and -20.7 V (c) correspond to the FAIMS separated peptide B and peptide A, respectively. Reproduced with permission from Creese and Cooper [60] , copyright 2012 American Chemical Society. tion requiring on the order of 10 ms (i.e. without the need for HPLC) by taking advantage of the fact that different classes of compounds have distinct mass / mobility correlations [62] .
Other types of glycoconjugates have been studied by IMS, as well: glycolipids and flavonoid diglycosides serve as two additional examples. Li et al. coupled capillary electrophoresis to FAIMS and MS in order to facilitate detection of trace-level bacterial lipopolysaccharides (LPS) [63] . This approach provided for the separation of the individual LPS glycoforms occurring in Haemophilus influenza. Clowers and Hill studied differently cationized isomers of isobaric flavonoid diglycosides by DTIMS [64] . These experiments allowed resolution of flavonoid diglycoside isomers from a mixture prior to mass analysis. Again, while less work has been published to date on the use of IMS methods to characterize intact glycoconjugates, the examples highlighted here illustrate the potential. No doubt, IMS methods will find increasing application to glycoconjugate analysis in the coming years.
CONCLUSIONS
As reviewed here, a wide variety of IMS methodologies have found application to the resolution, distinction, and structural characterization of isomeric monosaccharides, oligosaccharides, and glycoconjugates. This body of work illustrates the growing promise of IMS as a platform for glycoanalytics, particularly when used in synergy with other approaches (e.g., comparison of experimental and theoretical CCSs for candidate structures; coupling to MS/MS to further characterize mobility-selected ion populations). Importantly, the implementation of IMS does not preclude the concurrent use of online separation by HPLC [55, 65] . Although in some examples discussed herein complete separation of isomeric species could not be achieved, ongoing advances in instrumental capabilities will no doubt lead to improvements in resolution. Considering the expanding range of analytical problems being addressed by IMS methods, there is ample cause to predict that addressing the structural complexities of carbohydrates will remain a vigorous area of IMS research and development. Indeed, we envision that research questions involving oligosaccharide and glycoconjugate analysis will serve as both ideal testing grounds and powerful catalysts for new innovations in IMS. Fig. (8) . Heat map of mass to charge ratio vs. drift time for the unfractionated tryptic digest of human α-1-acid glycoprotein. Different regions of mass-mobility correlation among various charge states of glycosylated and non-glycosylated peptides are indicated. Reproduced with permission from Li et al. [61] , copyright 2013 Springer-Verlag.
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